inTroducTion
From a traffic operations perspective, a force-off is typically understood as a point in a cycle where a phase must terminate regardless of the programmed split time. Using various signal optimization models, traffic engineers have designed parameter systems that are embedded in traffic signal controllers. Although these control parameters designed in the laboratory environment might work well for actual traffic conditions, traffic controllers in the field must adjust these parameter settings when there exist fluctuations in traffic demand and a phase needs more or less green time than the expected length. In this case, traffic controllers employ force-offs as an alternative way to adjust the phase splits according to actual traffic conditions in the field. Therefore, as a method to implement traffic-actuated control, the force-off parameter enables traffic signal controllers to adjust phase splits more precisely in the field.
When applying the force-off parameter system to coordinated signal operations, the noncoordinated phases could be terminated earlier than their programmed split time. In this case, it is generally believed that coordinated phases take over slack time available caused by early termination of noncoordinated phases. Although this basic concept is useful to understand forceoff operations under the coordinated-actuated system environment, it might not be adequate to deal with actual traffic conditions, especially to better utilize such slack time. Therefore, traffic controller vendors have developed a few enhanced allocation methods that allow the slack time to be used by phases with excess demand by moving or maintaining the programmed forceoff points of the noncoordinated phases. For example, a simple option is to allow all noncoordinated phases to terminate early if needed, which makes the slack time available to transfer to coordinated phases only. Besides this option, there are various force-off configuration options to precisely control split time. Even though better guidelines on how these force-offs modes perform are much needed, few studies evaluated the performance of such force-off modes. [1] [2] [3] Therefore, there exists a need to examine the relationship between force-off modes and operational performance under the coordinated-actuated signal system environment. This study has developed guidelines for force-off mode configuration in coordinated-actuated signal operations. The following sections will present introductory background information, prior studies, simulation study results, and concluding remarks.
liTeraTure revieWs
In modern traffic controllers, the forceoff parameter system is a fundamental tool to implement actuated control. However, engineering reference materials including the Highway Capacity Manual (HCM) 2000 provide few details on the forceoff system embedded in actuated traffic controllers, and a practical knowledge has been generally acquired from hands-on experience and consulting with experienced engineers. This section provides fundamental concepts of the force-off parameter operations and prior studies regarding the impact of changes in forceoff modes on the system performance.
Background
Modern traffic controllers, including NEMA TS-2 and Caltrans 2070 series, generally support two options for programming force-offs, floating or fixed. [1] [2] [3] As the name implies, the floating mode can move force-off points depending on the traffic demand. The maximum length of the noncoordinated phase is limited to the phase split time that was programmed in the controller even when the phase has excess demand. That is, a phase with excess split can be terminated by a gap-out, but a phase with excess demand should be terminated by the programmed split time. Figure 1 illustrates an operational example of the floating force-off mode for one cycle of 40 seconds. The operational principle of the floating force-off mode is to terminate early the phases operating under capacity and to maintain the programmed original split time of the phases with excess demand. Therefore, if a phase does not use all of the allocated split time, all extra time is always given to the designated coordinated phases only.
On the contrary, the fixed mode cannot move force-off points. Thus, the programmed force-off points should be maintained within the cycle. While the basic concept of the fixed force-off mode may be simple, the actual execution is quite complex. For example, under fixed force-off mode, a noncoordinated phase can be terminated early by a gap-out. Then, any succeeding phases with excess demand can use the extra time up to their force-off point, irrespective of the programmed split time. As a result, the succeeding phase may use additional green time above its original split time under the maximum green time constraint. Therefore, all available slack time could be transferred to noncoordinated phases with excess demand and coordinated phases if all noncoordinated phases are terminated early. This fixed force-off mode can be useful especially when there are fluctuations in traffic demand and a phase needs more green time. 3 Figure 2 illustrates an operational example of the fixed force-off mode for one cycle of 40 seconds. The operational principle of the fixed force-off mode is to extend green time of the succeeding phase when the preceding phase is terminated early by maintaining the programmed force-off point under maximum green time constraint.
The CORSIM-embedded controller also uses the force-off parameter system as a tool to implement actuated control. However, CORSIM implements the force-off function by specifying phase termination method for each phase. 4 That is, there are two options for each phase to terminate. One is to allow a phase to terminate early before the programmed force-off point if a gap-out occurs, and the other is to maintain the programmed force-off point regardless of traffic demand. For example, if all noncoordinated phases are allowed to terminate early before the programmed force-off points, then the CORSIM's phase termination method plays exactly the same role as the floating force-off mode of the traffic controller. Therefore, all unused time from noncoordinated phases is given to the coordinated phases only. On the other hand, if a phase maintaining the programmed force-off point starts early as a result of a previous phase being skipped or gapped out, more green time is given to the phase with a fixed termination point instead of the coordinated phases. In this case, it is noted that the length of the extended phase can be over the maximum green time. However, once a phase is set to maintain the programmed force-off points in CORSIM, the phase runs like a pretimed control mode; that is, CORSIM does not allow the phase to gap-out. Figure 3 illustrates operational examples of the force-off modes embedded in CORSIM. Case I describes actual splits and force-offs yielded by allowing all noncoordinated phases to terminate early in case of no continued traffic demand. Therefore, phases 3 and 7 terminated early by a gap-out and phases 4 and 8 with excess demand used up their programmed split time. On the other hand, Case II showed only phases 3 and 7 terminated early. Therefore, the extra time caused by early termination of phases 3 and 7 was given to the phases 4 and 8. 
Prior Studies
A few studies have been conducted to evaluate force-off modes under coordinated-actuated system environments. Although only a few FHWA documents addressed operational concepts of the force-off parameter system, they reviewed only fixed and floating force-off modes used in actuated controller as a part of parameter design for signal coordination. 1, 2 Therefore, these studies did not include extensive analysis and evaluation for various force-off modes used in the coordinated-actuated signal systems.
Balke and Sunkari evaluated two forceoff modes, fixed and floating force-off, by using hardware-in-the-loop simulation. 3 In their study, the fixed force-off mode more flexibly used the slack time available on a cross-street phase than the floating force-off mode during cyclic variations in traffic demand. That is, by placing a heavier demand phase later in the phasing sequence, the slack time from the earlier and lighter demand phases could be transferred to the heavier side street phase instead of coordinated phases. However, their study considered only one test site that might have been favorable to the fixed force-off mode. For example, a certain traffic condition that requires early return to coordinated phases could be unfavorable to the fixed force-off mode. Additional traffic conditions should have been examined to obtain generalized guidelines for force-off mode configuration. In summary, a few studies have been conducted to evaluate the impact of changes in force-off modes used in various traffic controllers.
evaluaTion procedure
As a simulation test bed, a hypothetical three-intersection arterial was developed to evaluate the operational impact of various force-off modes. Each approach of the intersection has a single exclusive left-turn lane. and the number of full lanes on main and side streets was set to three and one, respectively. Turning movement ratios for each intersection were set to 15 percent, 75 percent, and 10 percent for left, through, and right turns, respectively. Also, this study selected volume-to-capacity ratio (v/c) as an experimental control factor that can affect operational performance of the force-off modes. Based on the defined common and experimental control factors, an optimized signal plan for each traffic condition was determined using Synchro 7 and then simulation experiments were conducted using CORSIM 6.0. The simulation run for each test case covered a one-hour period and average vehicle delay was measured.
Through the simulation experiments, this study evaluated four force-off modes under coordinated-actuated traffic signal operations environment. The floating and fixed modes, as typical force-off modes used in actuated controllers, and two CORSIM-embedded force-off modes were selected. The first CORSIM mode, named as the CORSIM-I in Tables 1 and  2 , allows early termination and provides remaining green to left-turn phases only, and the second CORSIM mode, named as the CORSIM-II in Tables 1 and 2 , allows remaining greens to be used by side street phases only. The case, which gives the early termination permit to all noncoordinated phases in CORSIM, was not evaluated in this simulation because the CORSIM force-off mode was exactly the same as the floating force-off mode embedded in the controller. The simulation experiments were conducted with 30 random number seeds for each force-off mode under the specified traffic and geometric conditions.
developmenT environmenTs
This section presents development environments of the simulation systems to evaluate the four force-off modes according to the evaluation procedure proposed in the previous section. To conduct the simulation experiments of the floating and fixed force-off modes, this study developed a software-based actuated controller with the floating and fixed force-off functions. The controller was connected to CORSIM by using CORSIM Run-Time Extension (RTE). Although actual traffic controllers could be used for the force-off mode evaluation, hardware-in-the-loop simulation technique requested a significant amount of execution time and therefore this study selected the software-based simulation method using external control logic instead of actual traffic controllers. The software-based control logic, generally referred to by the term software-in-the-loop simulation, has been employed widely in the field of signal operations. On the other hand, the CORSIM-embedded force-off modes could be directly evaluated within CORSIM. 
performance evaluaTion
This section provides the delay performance results of the four force-off modes evaluated under three volume-tocapacity ratio conditions. As mentioned above, each mean and standard deviation values were calculated using 30 distinct simulation runs. The bold figures in the table indicate the minimum delay for the corresponding volume-to-capacity ratio condition. According to the delay results, the fixed force-off mode was the most effective in all test cases. The CORSIM-I mode, which gave the early termination permit to left-turn phases only, yielded the worst performance result.
In general, the delay comparison result from the simulation showed a relatively small difference in performance among the force-off modes, which was expected because the force-off mode change is a small adjustment conducted in the field level. Therefore, this study performed statistical analysis for these simulation results to examine if there is a statistically significant difference among the forceoff modes evaluated. First, ANOVA was performed to test the null hypothesis that the average delay for all force-off modes is equal. As expected, the null hypothesis was roundly rejected in all cases. Following the ANOVA test, the force-off modes were ordered from smallest to highest delays and then paired t-tests were conducted for the adjacent force-off modes to determine where lines of significant difference can be drawn in the ordered lists. In Table 1 , the underlined values indicated the force-off modes that are included in the best-performing statistical group using a 0.05 significance level. As shown in Table 1 , the fixed forceoff mode was solely included in the best performing group. The p-values in Table  1 were obtained from the paired t-test between the floating and fixed force-off modes. It is noted that the findings are consistent to previous study results by Balke and Sunkari. 3 
sensiTiviTy analyses
Given that the above simulation experiments evaluated force-off modes on the basis of average traffic conditions under the specified volume-to-capacity ratio environment, it is important to examine whether these simulation results can be reliable even when considering fluctuations in traffic demand. Therefore, this study performed sensitivity analyses for the traffic demand fluctuations from 5 percent to 20 percent by increments of 5 percent. For example, 5 percent fluctuations in traffic demand means that entry volume can vary between -2.5 percent and +2.5 percent, and therefore every turning movement volume also can change according to the entry volume variation. The sensitivity analyses were conducted with 30 random number seeds for each force-off mode under the specified traffic and geometric conditions.
As summarized in Table 2 , the fixed force-off mode showed the best performance for every demand variation level. To examine whether there is a statistically significant difference among forceoff modes evaluated, this study conducted ANOVA test and then t-tests were performed for the adjacent force-off modes to compare the difference in delay performance. According to the statistical analysis results, the fixed force-off mode was solely included in the best-performing average delay results for force-off modes at each saturation level (sec/veh) 
conclusions and recommendaTions
This study analyzed the detailed operational mechanisms of phase force-off modes used in the modern traffi c signal controllers and CORSIM. The delay performances of four force-off modes were examined through simulation experiments under the coordinated-actuated signal operations environment.
A key feature of the fl oating force-off mode was to terminate phases early that were operating under capacity and to maintain the programmed original split time for the phases with excess demand. That is, the length of noncoordinated phase could not exceed the phase split time initially programmed in the controller, even when the phase has excess demand. Therefore, all slack time available was always given to the coordinated phases. On the other hand, the fi xed force-off mode could terminate phases early if operated under capacity and extend green time of the succeeding phase by maintaining the programmed force-off point. Finally, CORSIM implemented force-off modes by specifying phase termination method for each phase. Therefore, once a phase is set to maintain the programmed force-off point, the phase acts like a pre-timed control mode; that is, CORSIM does not allow the phase to gap-out even when there is no continued traffi c demand.
According to the simulation results, the fi xed force-off mode showed the best performance for all volume-to-capacity ratios. Moreover, when considering shortterm fl uctuations in traffi c volume, the fi xed force-off mode outperformed the other force-off modes for every demand variations case. Based on the case study conducted under various traffi c conditions, it could be identifi ed that the fi xed force-off mode provides more effective signal operations environment than the other modes used in traffic controllers and CORSIM. Especially, when there exist fluctuations in traffic volumes on side streets, the fixed mode would have a potential to handle both excess demand and excess capacity. However, it is noted that the fixed force-off mode has fewer possibilities of returning early to the coordinated phases when compared with the floating mode and that the phase directly after the coordinated phases cannot have a chance to receive any slack time regardless of force-off modes. These efforts would provide a firm basis for more effective use of the phase force-off function in coordinated-actuated signal operations. At last, the power of the Internet and GIS technology combine to offer cutting edge transportation data management to agencies of all sizes. In just the last 3 years, over 80 transportation agencies across the country have implemented this revolutionary system to improve mobility and safety, without breaking the budget.
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